Every discipline has its own specific knowledge that has been accumulated and refined over time. In the aerospace industry, for example, the domain knowledge of multidisciplinary optimization has grown and matured. The same has happened with domain knowledge related to modularity in the consumer product design industry. Knowledge from these domains has carried over to other domains such as automotive, medical, and defense, and has enabled advances in these disciplines. One domain that has been underserved by the advanced engineering methodologies coming from other disciplines is the domain of design for the developing world. Exploring the use of engineering domain knowledge to alleviate poverty is a valuable study that will open opportunities to use engineering to benefit resource poor individuals. This paper explores the domain knowledge of modularity and multi-objective optimization and applies it to the domain of design for the developing world by introducing the concept of collaborative products to assist the resource poor individuals. Can knowledge from one domain be used in a new domain, and if so, what would it look like? In this paper, a general methodology is presented, followed by a simple example to illustrate the design of a collaborative product for the developing world. The paper suggests that by using domain knowledge from a non-related domain paired with the method presented, products can be designed and optimized for collaborative performance with potential to both generate new income and save money for the end customers.
Introduction and background
This paper uses domain knowledge from one or more areas of engineering and applies it in the area of design for the developing world. We are motivated to do and report on this because we believe that many different areas of engineering expertise can be re-imagined and lead to new poverty alleviating products. In this paper we build on our own expertise in modular-product design and multi-objective optimization to create a new product category created specifically for issues faced by those in poverty. The new category is called collaborative products, which are created when physical components from two or more products are brought together to form a different product capable of performing additional tasks that could not have been done with the individual products alone (Morrise et al., 2011) . The goal of the method introduced herein is to design products that generate income, and appeal to a greater number of individuals due to affordability.
Modular product design is an essential part of the design of collaborative products since it involves joining together multiple products. In the literature, this type of design is known as Type II modularity. It is defined as the design of interfaces with modules that can only be attached to other specific modules through a unique interface, effectively reducing the complexity of the products (Strong et al., 2003; Yoo et al., 2012) . Research has recently been aimed at bringing domain knowledge from the design of modular/reconfigurable products to the domain of design for the developing world (Lewis et al., 2010; Mattson and Magleby, 2001; Morrise et al., 2011; Weaver et al., 2010) .
Collaborative products have the potential to significantly influence the impact that income-generating products can have on poverty alleviation efforts by reducing the cost of a set of products capable of performing a specified set of tasks. This is accomplished by increasing the task-per-cost ratio of a set of products (Morrise et al., 2011) so as to reduce the number of products needed to perform a set of tasks. It is this ability to perform a set of tasks with fewer products that effectively lowers the financial risk for the user and increases his or her likelihood of purchasing and benefiting from these products.
The basic strategy surrounding the notion of collaborative products is this: Designers begin by identifying a relatively complex product that is currently unaffordable for someone living in poverty. That product is then decomposed into sub-products that are designed to be useful and affordable as stand-alone products. Individuals living in poverty could then share the purchase of the complex product with others in their community by having each person buy independently useful portions (or sub-products) of the complex product. In some cases the subproducts may be used to generate income to support the purchase of additional sub-products, thus working toward the complex product, alone or as a community. Although not the focus of this paper, it is important to recognize that to be an effective strategy, the design, marketing, and sale of the collaborative products would need to be carefully planned so that users would know which sub-products work together and how they should be assembled.
The method presented in this paper for designing collaborative products also involves many changing and competing needs that must be addressed to successfully design a product. One way to meet these demands and resolve the competing nature of both present and future needs of a set of products is through multi-objective optimization (Kasprzak and Lewis, 2000; Messac and Mattson, 2002; Wu and Azarm, 2001 ). This technique serves as a fundamental foundation to the design method presented in this paper. Multi-objective optimization characterizes the trade-offs between design objectives by identifying a Pareto frontier or a set of non-dominated optimal solutions. These Pareto solutions are of importance because they show that design objectives have been improved to their full potential without sacrificing the performance of objectives in other areas (Kasprzak and Lewis, 2000; Messac and Mattson, 2002; Wu and Azarm, 2001; Lewis et al., 2010; Nordin et al., 2011) .
A set of optimal solutions belonging to a Pareto frontier can be found through the following generic multi-objective optimization problem presented as Problem 1 (P1):
subject to:
where μ i denotes the i-th generic design objective to be minimized (i.e., cost or size of a product); x is a vector of design variables that define the design of a product (i.e., length, width, height); p is a vector of design parameters (i.e., material yield strength, modulus of elasticity) that will be treated as constants in the optimization; x u and x l define the upper and lower bounds of the j-th design variable; g is a set of inequality constraints; and h is a set of equality constraints. Note that the objectives and constraints are functions of both x and p, and that the objectives will be minimized by changing the values of x. Aside from the developing world context, collaborative products can also be applied in the developed world. Many individuals within the United States suffer from poverty, living in small dwellings with limited storage space (Bishaw and Macartney, 2010) . Money is also limited for these individuals, and collaborative products are a way to help maximize available storage space while providing a set of product functions that are extremely affordable. Other identified areas that could benefit from collaborative products may include payload conscious industries such as aerospace and backpacking (Morrise et al., 2011) .
Morrise et al. have developed a method for designing collaborative products, consisting of an eight-step process (Morrise et al., 2011) . While this method serves as a basic foundation to the design of collaborative products, the authors of this paper propose a revised method that builds upon and strengthens this existing process. Again, the goal behind the method is to increase the earning potential and simultaneously decrease the financial risk for the user. By buying all the products included in the Collaborative Product System, a new previously unattainable income generating task can be performed. By having a system of products that can perform one task as a collaborative product and where each product can perform individual tasks, the task-per-cost ratio is increased and the potential for income generation is also increased. The steps of the new method will be further explained in Section 2 of this paper.
The remainder of this paper is organized as follows: The theory for designing products for optimal individual and collaborative performance is found in Section 2. In Section 3, the design of a simple collaborative brick press demonstrates implementation of the presented method, followed by concluding remarks in Section 4.
Method of designing products for optimal collaborative performance
This section presents a method that seeks to understand customer needs and meet them through the use of individual and collaborative products. The method consists of a nine-step process which can be abbreviated as follows: (1) Understand customer needs, (2) Identify a product that satisfies a need, (3) Decompose the identified product, (4) Use the decomposed components to satisfy additional needs, (5) Identify the product interfaces (6) Characterize the collaborative design space, (7) Define the areas of Pareto offset, (8) Identify the designs that fall within the offset areas, and (9) Identify the optimal product designs.
Step 1: understand broad customer needs
The first step of the method is to seek out the broad customer needs that exist in society. This involves the study of groups and people as they go about their everyday lives. Research is carried out by immersing oneself in the culture and gathering information from individuals and potential customers of that society (Emerson et al., 2011) . Other traditional methods used to gather this information include interviews, surveys, and observations (Pahl et al., 2007; Ulrich and Eppinger, 2008 ). When it is not possible for the designer to be on site, a complementor can be used to gather the needed information (Ottosson, 2015; Munksgaard and Freytag, 2011) . Some other aspects to consider when developing products for the developing world is to have local knowledge and include on the design team the individuals that will be using the product (Mattson and Wood, 2014; Donaldson, 2006) . By using one or multiple of these methods the designer is able to gather statements from the customer and translate them into customer needs. It is essential to have a clear understanding of the customer needs to determine how to best meet them.
One way to focus the efforts of gathering customer needs is to select and work within a need category. Examples of categories when designing for the developing world might include: farming, hunting, tools, education, housing, cooking, health care, transportation, etc. The goal is to find an area that would benefit from a task-to-cost ratio increase-an area where new opportunities for income generation may be found (Austin-Breneman and Yang, 2013) . For individuals in the developing world, the financial risk is lowered as this ratio increases. As this ratio and the chance of income generation are increased, people living in poverty will have more financial resources, which can lead to a better life (Prahalad, 2010) . If products can be affordable combined to complete a greater number of valuable tasks, the user will benefit from a lower cost. The end result of completing this step is to come to know the customer on a deeper level in order to gain an understanding of what could be done to benefit their lives.
2.2.
Step 2: create/select a product that satisfies one of the broad needs After the customer needs have been sufficiently understood, the designer identifies a product that satisfies one or more of those needs.
